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CLOSED CYCLE GAS TU RB INE SYSTE MS IN EUROPE

I. Introduction

At the turn of the century , the steam turbine began
to emerge and subsequently forced the steam engine off the market.
A lthough the advantages of the turbine are nume rous and obvious ,
it took a long time to displace the engine; as a matter of fact,
steam engines (at this stage called steam riotors) were still
being manufactured and sold in Europe for some time af ter WWII .

A similar phenomena is taking place in the competition
between the (open-cycle) gas turbine and the reciprocating in-
ternal combustion engine. Although in this jet—age , the advan-
tages of gas turbines are well known, the internal combustion
engine has not been completely replaced yet , not even in aero-
nautics let alone other sore mundane applications. The reason
is that for every advantage in technology there is also a dis-
advantage. In the case of the gas turbine—piston engine compe-
tition , these trade—of fs are less pronounced , particularly in
the low horsepower range, and the issue is no longer as clear—
cut as it was in the steam turbine—steam eng ine contest.

Now it seems that a new race is emerging , —— the com-
petition between open— and closed—cycle gas turbines. And here
the issue is even more clouded. It  is the purpose of this re-
port to review the current state of the contest in Europe w i t h
regard to central station power plants and discuss the issues
involved.

Historically , the close—cycle gas~-turbine (CCGT) con-
cept began to emerge about 35 years ago (see for examp le, Ref.
1). The world’s first industrial closed—cycle gas turbine was
built in 1956 in Ravensburg , Germany , and has been operating
successfully since that time. This turbine is fossil—fuel fired.
With the advent of the high-temperature nuclear gas-cooled reac-
tors (HTR , AVR , HTGR, THTR), the closed-cycle helium gas-turbine

• concept has been attracting considerable interest and has been
seriously discussed during the past ten years. The reason , in
part , is its potential for direct integration with selected high—
temperature gas-cooled reactors, thereby eliminating the inter-
mediate heat exchangers; this could lead to more efficient yet
lower-cost power—conversion systems requiring l i t t le  or no cool-
ing water supply fo r heat rejection. At present , the gas—cooled
reactors require heat exchangers to generate steam which, in
turn , drives a steam turbine. However, the next generation gas-
cooled reactors , if built, could use the closed—cycle gas turbines.
There fore , the race is really on between steam turbine and closed—
cycle gas turbine, at least in the central—station nuclear power—
plant business.
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II. Today ’s Issues

Today ’s issues vary somewhat depending on the applica-
tion , but the basic problems are the same. First, consider the
nuclear central—station power-plant application. Here the
issue is a boiling— or pressurized-water reactor with steam
cycle versus a gas—cooled reactor with closed helium—turbine
cycle. As a side issue, one could include the gas—cooled re-
actor with a steam cycle versus one with a closed helium—tur-
bine cycle. Next, consider the application for conven tional
central—power generation. Here it is a choice between a fossil-
fueled steam—generator integrated with a steam turbine versus
a fossil—fueled (coal) heater integrated with a closed—cycle
helium— turbine (which is one way to operate a gas turbine with
coal). Last, but not least, there is the marine application,
and of course, the conventional arrangement is a boiler with
steam turbine , the alternative being an open-cycle gas turbine.
It is a true alternative since the steam cycles are mostly oil
fired , while the gas turbines burn oil in ternally thus often •
requiring fuel of substantially higher grades. The feasibility
of using a closed—cycle gas turbine in ships is, at present,
an important question which needs to be resolved.

The issues are most readily unders tood in the case
of central—station nuclear—power plants. If gas—cooled reac-
tors are to be used, it would be desirable to circulate the
reactor coolant, i.e., helium, throug h a gas turbine rather
than through a heat exchanger with attached steam—power system
as is now being done in the first—generation gas-cooled reac-
tors. Despite some obvious advantages, the reason why the CCGT
has not been built so far is that, at the time the gas—cooled
reactors were introduced, the technology of closed—cycle helium
tu rbine was not yet mature and the reactor coolant outlet tem-
peratures were not high enough to warrant efficient and econom-
ical operation of a CCGT. The real issue here is the relative
advantages of the light—water reactor (BWR or PWR) versus the
gas—cooled reactor. The technical advantages of th~ gas—cooled
reactor compared to LWRs for central-station power plants are
coimnonly quoted as: Higher burnup of the nuclea r fuel , poten-
tially lower fuel—cycle cost, higher plant thermal efficiency,
and less serious emergency core—cooling system requirement.
The disadvantages are : Higher cons truction costs , lower power
density and some unresolved technical problems such as distor—
tion of the moderator blocks caused by radiation damage, gas
gagging to achieve a flat power—profile across the core, etc.
However, the facts of life are that the LWRs are further devel-
oped than the gas—cooled reactor and are being sold in quantity

—2—

- 

~~
° 

-



a —a - — —

R—3— 77

for commercial applica tions , while the high—temperature gas-cooled
reactor is s t i l l  in the demonstrat ion stage.

For application to a fossil—fueled central—power station ,
a gas heater is required for the closed—cycle gas turbine , anal-
ogous to the boiler for the steam turbine. Although both are
fossil—fired , the worldwide renewed in erest in coal could pro-
voke an increasing interest in the closed—cycle gas turbine ,
if it can be proven that such a cycle offers economic and enviroi
mental advantages compared to the conventional steam cycle.

The helium cycle is, of course, a Brayton type while
the steam cycle is a Rankine  type . The CC GT can operate at a
h igher  temperature than the steam cycle , th e r e f o r e  o i ie r in g
a potentially higher efficiency . As i t  does not involve any
phase changes, it requires substantial pumping power .

The steam cycle has to operate at a lower temperature
(below about 1050°F) due to the m at or i a l s  l i m i t a t i o n s  i n h * r n t
in the water—steam system , i e , corrosion and loss of strenqth
associated with elevated temperature. Howev*~r, it has an obvi-
ous advantage of requiring substantially lower pumping power ,
offering a reasonably attractive station efficiency of up to
40% at moderatly high turbine inlet terg~eratures around 1000°F.

Modern steam power systems have practically reached
their performance limit as their turbine inlet temperatures
have been restrictel.. to below about 1050°F because of the above
mentioned materials limitations. A turbine m i t  condition
of 3500 psig/l000°F/].000°F with a station efficiency of approxi-
mately 40.5% is generally regarded as the “metallurgical limit”
for many years to come. It should be mentioned that the vacuum
required in the steam cycle is responsible for the sheer size

• of condenser and the massive steam turbine.

In contrast, the CCGT can operate efficiently at a
much lower turbine inlet pressure (600—1000 psi), which permits
the use of thinner tubes , although they are made of more expen-
sive materials in order to resist the higher turbine inlet temper—
atures (1350°F or higher). Since the optimal expansion ratio
is very low (2 to 5 compared to several thousand for the steam

• turbine), a CCGT is much smaller in size (one quarter or less)
compared to a steam turbine of the same outpu t and , furthermore,

“1 - 
• requires substantially fewer power—system accessories.

Although heat—transfer in helium is inferior to that
in steam , the use of thin—wall smaller tubes——possible in the
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former fluid——often results in more compact CCGT heaters ‘hari
steam boilers of same thermal capacities. All these add up t~
the possibility that lightweight CCGT power systems with spe-
cific weight (in lb/shp) savings as much as a factor of 5 lighte r
than steam power systems can be realized. There is still the
question regarding the materials capable of operating for the
required lifetime at 1500—1800°F, the ten~~eratures requi red for
a CCGT heater. These are substantially higher than the approxi-
mately 1000°F in a steam power system.

While specific weight plays only a minor part in the
selection of a central power station (higher specific wei -;h t
means higher initial investment costs), it certainly plays the
most crucial roie in shipboard applications. Therefore , one
would expect thai there would be considerable incentiv - to u -;’
CCGT for those naval ships——either fossil— or nuclear-powered—-
that require lightweight propulsion systems.

From the discussions above , one can sense sthne of t i
potential applications of the CCGT systems, one of which is
in the nuclear field for direct integration with hightempera-
ture gas—cooled reactors (HTR or HTGR type) to generate central
power. The potential economic, environmental and safety advan-
tages for this nuclear power system remain tc be demonstrated.
Another application is in the fossilfueled central power sta-
tion, perhaps with extensive wasteheat recovery for district
or process heating. In this case, the working fluid can be
either helium or air, although the latter has been preferred.
Again , this power system has to offer economic or other advan-
tages in order to penetrate the existing power plant mark t.
Still another potential application which has recently been
attracting considerable attention is for future naval ships and
marine applications. Both fossil and nuclear heat sources can
be utilized in this type propulsion system. The issue here rests
primarily on the extent to which the specific weight of the total
propulsion system can be reduced as compared to the current sys-
tems, and on the economic and reliability characteristics of the
CCGT propulsion system. The issue also can be affected by the
availability or non—availability of certain fuels in the future .

It is conceivable that advancement in gas (helium)—
cooled nuclear reactors——particularly in terms of increased re-
actor-power density combined with development of lightweight ,
efficient , and reliable closed—cycle gas turbines——could indeed
revolutionize ship propulsion.
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III. Some Historical Remarks

An attempt to use the closed—cycle helium turbine for
ship propulsion would not be new at all. A ~wi;-~; t j r k i r ~~. manu-
f ac tu re r, Escher—Wyss , designed and m a n u f a c t u r e d  (see Ref . 1,
D. Schmid) a 10,000—hp marine closed—cycle gas—turbine propul-
sion system using air as a working flui I . This System was de—
livered to the Mitsui Co. in Japan aho 20 years iqo , but it
was never actually put on a ship. The Maritime Gas Cooled Re-
actor (MGCR) program was actively engaged in :1o~o 1  cycle gas
turbine development for ship propulsion from 1959 to 1

For central power application , several fossil—fueled
closed—cycle gas—turbine plants were constructed during the
last 20 years and are still operating. Table I lists mo~ ,t •)f
these plants. The oldest one is the coal—fired plant at kj~
burg , Germany which is a 2.3 —MW unit and has ,rat~ - ; so far

• for over 110,000 hrs. The reliability of plant c ; 1 ( r I t ;  has
been excellent, and the last overhaul revealed that all compon-
ents of the plant are still in good condition (Ref. 2).

The direct integration of a closed-cycle gas-t n-I;:- .
power-conversion system with a nuclear reactor became ~ possi-
bility with the advent of high—temperature gas—cooled r~ ,ict rs
(HTR in Germany , ML-l, MGCR, nuclear rocket reactors, and }!TGR
in the US) capable of operating at coolant outlrSt temper .out’ ;
of 1400°F to 4000°F.

It became evident  in two i n t e rna t i ona l  meet ings  ~ n
hightemperature gas-cooled reactor technology (Paris in May 1965
and JU l ich in October 1968) and the subsequent NU CLEX ( ‘69 , ‘72
an d ‘75) meetings tha t  besides the po ten t i a l ly  lower f u e l — c y c l e
cost for the HTR due to higher burn—up of nuclear fuels , the
thermal efficiency of CCGT would be higher than for the LWR
steam plants ; also tha t  the HTGR—CCGT power systems potentially
would be smaller in size, cost less, pose a smaller heat rejec-
tion problem , and offer the potential of waste heat utilization as
an a t t rac t ive  side bene f i t .  Waste heat u t i l i za t ion  is one of the
major European incentives to pursue the gas—turbine approach for
nuclear power systems . Helium has been the unanimous choice as
the CCGT working fluid. German and Swiss turbine manufacturers
have concluded that large—output CCGT systems, well over 500-MWe
unit size can be built with today ’s technology . A l200-MWe unit
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was designed by the then BST* (Switzerland ) in colLibor-itrion
with BBK** (Ge rmany) .

In 1958 , the German Ministry of Scientific Research
initiated , in cooperation wi th the Swiss gas—turbine manufactu-
rers (then with Escher—Wyss in particular) , a long—range devel-
opment program for HTR in conjunction with the closed—cyle helium
gas turb ine  as par t  of the 3rd German Nuclear Proqram. The world’s
1 ir r ; ~ nu c l ar  -~ .i ~~- tur b in e  p l an t , u s i ng a c losed—cycle  h e l i u m
.j.i;; turbine directly integrated with the HTR, was ordered on
14 May lOc K , by a letter of intent from KSH ( K e r n k raf t w e r k
S c hh : :w i . g — H ol s t i n  mb H) to 1u * n h o f f n u n g s hU t t e  (GH H) . The order
called fo r  t h ~ construction of a 25—MWe CCGT plant with a station
‘~~‘ rmal efficiency of 39% on the site of the research center
at , ~~~:;t hacht  at a cost of DM 76 m i l l i o n .  Whi le  construct ion
.f this (~ ;ee ; t : a ~~h t )  p l a n t  was being prepared , development of
•i large r 600—MWe HTR—C CGT (48% therma l e f f i c i e n c y )  was also
initiated within the 3rd German Nuclear Program. However, in
early 1970 it was said that the German Science Ministry ’s High—
Ternperatur~ Reactor Committee restudiel the Geesthacht project,
and shortly, in Ma~’ 1970, GHH indicated to the KSH that t iey
were no longer able to fulfill the contract for the design and
constrw-tion of the plant. The real cause for terminating the

~eostha ’ht project  is uncertain , but GHH gave as the reason the
difficulties ‘incountered in fuel—element desi~ n and fabrication ,
and also the helium turbomachinery development. Had the Geestt;i-:Iit
plant been built as scheduled , it would have been a major mil~~:t ne
in the history of nuclear power development, demonstratinq for
th’ first time the use of gas turbines for generating nuclear
power. Needless to say, the larger 600—MWe HTR—CCGT system
never got off the drawing board.

Next in line following the Geesthacht project was a
fossil—fueled 50—p4We (plus 53.5—MW heating) helium gas-turbine
plant in Oberhausen , Germany , built by GHH for Energieversorgung
Oberhausen Aktiengesellschaft (EVO). This heat and power plant ,
which by now has accumulated over 3500 operating hours , wa~ aimed
at investigating the individua l components of the helium turbo-
machinery , su ch as shaft seals , turbineblade cooling and duct
design in a real power—plant operation . The plant also has served

~~~~ a test facility for helium technology required by a larger
plant to be built later.

*BST or Brown Boveri/Sulzer Turbomaschinen , Ltd . which was under a
single management until early 1970s and has no~ split back to BBC
and Su1~~~r Brothers.
**BBK or Brown Boveri/Krupp Reactorbau GmbH was a short-lived company
established jointly by BBC and Fried. Krupp in the late l950s to under-
take the 300-MWe THTR (Thorium High—Temperature Reactor) project . BBK
was renamed HRB in 1971.
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Not only in Switzerland and Germany, but also in
England , programs for nuclear gas-turbines have been actively
pursued. The multinational “Dragon” project (with headquarte~ s
in England) which was recently discontinued had been or,e of the
major driving forcer; for the HTR—CCGT power ;;y;;tems. Many
Briti~;h studies , however, claime d that it is necessary to op-
erate the CCGT at a higher turbine inlet t’ mperature——above
900°C (1652°F)——in order to achieve significant power—cost ad-
vantage over the steam—power systems. This conclusion was in
disagreement with the Continental V1OW -i , which regarded 800—850°C
,o~ quite sufficient to produce meaningful economic advantages
over the steam systems.

In this connection , the large gas circulator in the
British gas—cooled reactors (Magnox stations) should be mentioned .
Although they are not gas turbines , pr~” •~~

. , since they consist
only of the compression part of a turbine , experiences gained
with these machines show that 30—year maintenance—free opera-
tion is possible with such large—scale rotors.

IV. Helium Demonstration Plants

While there are already several demonstration plants
in operation for testing a closed—cycle gas—turbine central
power station using air as a working fluid (see Table I), there
is only one in operation that uses helium as a working fluid.
This is the 50—MWe turbine in Oberhausen , Germany . A second
facility under construction and close to operation is the HHV
(Hochtemperatur Helium Versuchsanlage, High Temperature Helium
Test Facility). This plant is intended as a testing facility
for components of a closed—cycle helium turbine rather than as
a demonstration plant itself.

Oberhausen II

The demonstration plant in Oberhausen may serve as
an ill istration of a typical closed—cycle helium turbine—system
for central power—plant application. Fig. 1 shows such a typ-
ical system. The helium is heated in a large gas—heater which
is e i t h e r  gas or foss i l  f i r e d . The hot gas enters  the power
turbine where some of its enthalpy is converted into mechanical
work. After leaving the power turbine , the gas passes through
a regenerator , where part of the remaining enthalpy is passed
on to the gas entering the helium heater. The remaining waste
heat is taken away by the precooler, wh ich may be a cooling
tower or a combination of district heating input and cooling
tower. The cool gas enters the compressor and is compressed
through the regenerator into the gas heater thereby closing
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the cyci . In some installations there is an j ii t : - r ’ i t e r  be-
tween the - om :.’r sor ;t: l ien . Since the gas heats up during

r ” ; r~ i o n , th comr r~ ;e: ‘~ r i ‘ ‘ f f i c i c n cy  of the d o w n — s t r eam
s i m s drops. This can be rem~’iied by employ ing an intercooler.

The oh ’rhausen ~Lmnt is o~~ rrite .i by EVO which IS t h e
local utilit y of th .’ Cit’. of Oberhausen , Germany . (‘7Th is owned
by RWE (the l ar q e r t German Utility Company ) and the City of

~ie rh.i i’ ; n on a 50:50 basis. The facilit ’, 15 t h e ’  f i r s t  indus-
trial •~ar:—turbin e plant using helium a - ; a working f l u i d , an d
• :~~- experience gained du rin ’j construction and operati’r; of th’r
plant will be val riiLle f o r  f u t i j o :  high—t m: . rature reactor pro—
i t;-; with directly in t e ’ ir a t : l helium turbines. Oberhausen i ;
i e~’a t e - h  in the Ruhr area , the ~er;ter of heavy indu:;try in Germany .
For thi:-; r~- ; ‘~n , coke—oven gas is readily available in t i :  close
vicini ‘ ‘ , an I is , th~’r ’’ fore , U :;;] as a fue l  for  t7 H ’  -Ir:me n: ;tr r ;t ion
p~ r i  . Construction of the plant was started in l’37 and i t
became . •ri ’r l ti v: in Decembe r 137 .1 . The helium turbomachinery
was ‘ I e e i r j n e . I  and m a n u fan t u r e d  by GHH (GutehoffnunqshUtt -), while
the helium heat’r and heat exchangers were mar.ufactui ’-d by

lz r Brothers in Kint - fthl ; i r , hwi tzerl,iri 1. The plant w i - ; de—
nigned to p rod ;  . 50—tf;. - newer it an efficiency o~ 32. 5% and
-;w

~~ly 53.5—MW th - r m . m !  power f o r  district h ;’iting . District
hm a t i n ~ in the Ruhr area is already an ‘:;tal lished fact . There
is a pipeline network in existence , which connects all the cit 1 ’ -
in the’ Ruhr area and delivers h- at to commer r i al , in,-I u :;ttial
and residential customers . The heat carrier is cempr er- ;;;ed water
(about 8 bar) . Therefore , some of the waste h i t  of t h ~
Oberhausen plant is fed into this district heating system .

A relatively low ‘;yr -;tem—( ressurization of 27 bar (397
• ;‘ ia) was seleeted to pr ,vi de rel .mt ively high—volume flow of

helium such that the dimension’, of the turbine would correr;pori 1
te a ( ‘ 1 ) — M W  power plant. Aside from the  size chara -t risti -

the design of trh ’ turbomachine rv and other power plant compon—
‘rite was performed using condit i - r i - anticipated to prevail in
large closed—cycle helium qas-turbines integrated with high
temperature gas—cooled reactors.

The turbomachinery is in s t a l l ed  in two casings; the
low pressure turbine which drives the alternator at 3000 rpm
is housed by it ’e lf ; whereas the high—pressure turbine is b , oueed
in a :;ep.1rat~ ’ casing along with the low—and hiqh—f low—path—do—
•;iq ri for the comp r~’nr - ;er  b lades . The two shafts are connected
through a gear train which transmits little torque under de-
r;i ’Jri — j )Int o p r i t  i r e ; . Thu s, the machine resi:;t;; overspeeding
due to sudden loss f externa l loads wi th  dy~iamic response
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behavior similar to a single—shaft design. There are five bear-
ings in the turbomachinery , thre” of which require seals.
The turbomachinery was designed to operate - m t  a t i r h i n e_ i n i t
temperature of 750°C (1382°F with a lifetime of lOO ,hD hr a r  I
a :;jfr’tv factor of 1.~~. The helium flow r i t e  is approximately
el kg/sec (185 lb/sec). The design point conditi ’rrm, ; w”re es—
t mhlished considering the use of this turbine t y j - ”  in nuc°.’ mr
power plants over 300—MW e output. The in ‘-preuaute tur bi n e t he  -

represents a ~-~--MW’ turbine in aize and • Dr’-sses in the hi g;.-
( ‘r e o:ure tu rb ine  are equa l to those in a h Y ;— M\f t u r i n-  T i ’ : .

The helium heater (see Fig. 2) which burns coke—oven
qas we-; designed and built by Sulzer Broth;-’r - to or ‘r it ’ ; it

temperatures below 800°C (750°C normal). ~‘hile air h e a t e r .
for the other ciu - - ed—c d c  turbine 1 I-in t -: wr’re equi ; pt:.I wi~ r .
cooled combustion chambers, similar to steam boilers , tb~-
Oberhausen heater is not. The reason is t hat  this heater was
designed from the euteet for  c-ek ’—ov~’ n gas,  where fouling due
to slag formation is no problem , th u : ;  making it a qood simulator
of a nuclear reactor hut not very helpful for gair;in l ‘‘X (” ri—
ence with conventional fur ls , which cannot be burned d ir ’ ; - ’tly
in a gas turbine. The coke—oven. gas is burned m arty stoichio—
metrically and adi ah,iti r a i l , ’ in two pairs  of c e r - m m i c — l i n e ’ i
cylindrica l co ’mbu : ,t e r  , installed horizontally and far ’ r n r  each
‘eth er . The flue—gas t ’ r s , . r , m t i r ,  in the combustor is reduced
to about ic ~°C (2912°F) by flue qa:; recirculation from the exit
end of the combustor before the gas flows t h n - - ou ) b ,  t h . -  heater
t~ ibe banks. The basic idea of thi ::. design is to ;;e( a r a t ,e t be -

‘embe: ;tiorm f rom the heat transfer process; it practically elimi-
nates flame radiation with its associated uncert uinti,e: ; .

The duct incj from the helium heat or t o  the  t ;rt’ i no
i n : . - t  :; rve)-; ire a test section for a coaxial gas duct with fiber
i n su l  i t  ion inside the high—temperatur e inner pip e ; the low—
1-  - w - t ’ m p r r .mtu re  h e l i u m  f rom the high—pressure comprr’;sor f lows
arou n d the hot pipe to e n te r  the he l ium h ea t er . The purpose
of t h i s  test section is t ; r-l e te rmine the  t r ’ r’l; e r , i t U r r ’ ref ~les
and ch .& r i qe r  in the i n s u l a t  i or ;  ma t e r ial  pr - o r - i ’ t i t ’ : :  w i th  t ime .
I t  is also used for i n ve s t i g a t i n’r  de ; ’r ’ : ; : ;u r i z a t i ’ r i in  the insu-
la t ion f ibers  dur ing  opera t ional  t r ; m n r ; i e r ; ts .

I t
The r e ’j~’nr ’ra tor has a conventiona l cross— ’o i i r r t e r f  low

I . ’ - - ; j r i r i  w i th  the colder h i qh—pre ’o :u r t ’  he l ium f l o w i ng  t h r ; i q h i
17 , 000 tubes running from the fixed h url er to the f l o a t i n g  out-
let header.  The hot te r  l ow— i n s ’ - :: ;urr ’ helium passes around the

‘in”  bundles in the she l l  side . The regene rato r has a dj , m r n r ’ter
of 4 .5 m (14. 76 f t ) , is 22 m (72 .2  f t )  long and weighs 308 t ’ns .
Due t o  t 1m~; absence of demand for district hmr’ •i t i ng  du r ing  t b ; ’
summer , waste hea t  from t b :  J owo r p l a n t  is d iscarded  in to  the
a tmosphere , fir ;;t through a dry cooliii’i tow” r and then .m wet

cooling tower.
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For load control , bo th bypass and i nvento ry r’,mtrol
are use l. Load change from full load to i d l i ng  cri n h achi~’j e d
in split— ’o’non l time , re~ uirinq only one—third of the mass
flow bypassed; load increase from i dlin g  t o  f u l l  l o i n  can
be achieved in 10 seconds. Inventory con t rol an 20% per min-
u t e  increase or decrease of system p r e s r ; lr’ o level  i s  p0 : ‘ :  hi ’- ’.
Sin e hv; a;;;; contro l causes shari ’ dro: in therm,r I effic ;err’r ,,
it is used f o r  1ui ck lead change only be f o r e  sw ;t ‘ ‘hii r ; ’; ‘ - in—
y,-yitor - ‘o r i t  rol  for  exten led ore - r a t i o n .

System start-up is c-Thieved by charging the’ working
l u n d  to 20% level , synchronizing t h e  turbine—generator , then

inc r ’’.meing the turbine inlet t em(  “ r i t u r e  to 100°C/h r.  The
in - art-u i’ of t h e  helium heater , however , requires a rate of :).5°C/min.

Contact weldin-r is an important problem where at slid—
i n  parts are in con tact wi h erich o t h r ’ r  . No such probt0m has
been encounte red  to dete , perhaps due t ’  r e l a t i v e l y  low ‘ ;rbine—
inlet  t e rnt ’er a t u r e  (below 6~ 0°C) ope ra t i on ;  t u n g s t e n  carbide coat-
ing (80 cm) was used for th e : sliding surface between the support-
in’-~ ;;tii:ls and the inne r  pipe of the coaxial di et ing.

Welded seals are used for  flanges; three chamber systems
with - r i m - n oil seals were found to be satisfactory at  test  er e s—
sirrt r-,’ ur ” to dO bar .

The leakage losses in such a system re lu i  r~’ rr ~o i r n i s l m m e n t
)f he l ium a n - I  are an economic factor (the reason why a ir  i s ur e
in non ;-n ,i- ’Ir’ar oriented closed—cycle gas—turbine installations) .
In ;herha;isen , this leakage is reportedly kept dow n to an econom ic
level.

The current status (summer 1976) is that thu plant
ha:: been operating at a turbine inlet temperature of 680°C (1
(1256°F) generating l2—MWe power wi th reduced helium—mass flow,
dumping 30—MW waste heat into the atmosphere via the cooling
towers. The demand for district heating is , of course , low in
summer . The previous w i n t e r  was also very mild. This was given
as a reason why t r h i e  plant has not yet operated at its design
load (50 MWe plus 53 M W t ) .  It is expected that it will be op—
erated at full power in the winte r of 1976 unless it is another
mild win te r .

Hochtemperatur Reactor wi th  Helium T u r b i n e  (HHT) at the KFA

KFA (Kernforschungsanlaqe) is the largest among the
several major nuclear research centers in West Germany . A major
part of the German R&D e f f o r t s  on gas—cooled nuc lea r  reactors
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.pi,1 t h e i r  newe r coni ’ .” ’ r S l O f l  s’,’s~~, ’ ” s , i n e l ’ i ’ I i n r ’ ;  ‘ I , - ‘ I a ’ ; . ’ - h— e v e) ’;
i a :  ‘‘i r b i n ’ s , has been cend ; t ’  - - I t f l n ’ T e . ,‘ n ’  l i t  ni-i t~ ‘ ‘ - ‘ ‘

• - -;r ’ ’ l— ;’y°Ie ‘inlium rur hi n t t e l  ap ;’l m - 1 ~~~; : !  .i ’ :  a ,w , ’r  - - s - i ’  r—
sion , i e v i n ’’  f i t  t : .  r - i s — c ) o l e d  r~’ .- I - ’ t ’ ’ r i s  ‘a’ r ’ I i ’ i - m ’ -  u n h e r  r h , .
- -

~~~~~
— n ‘J e . ’F (H i s h  ‘1’~’mr - - ’ n  m t : i re ~o - , m ’ n - wi ’~~ 1. - h im Turb i ne)

Hi ; t ’ i ’o i l i y ,  th~- ;‘n ’; ;i ’ , : - r  - ; r  n - n f a r  h ’ - l i u n m  ; i - — ’  ; n —
bi nes i n t e g rat e  w i  h a hj ;h~~t , - r i r  ‘ - ‘  i re  ‘ I t a r  (II T R.  on ‘r i m —

monly ; Let ; ; lie’] as bI T R in t b n ; i  ‘-d  •‘~ - - L C S )  wa-m b n i t  i - i t ’ : i h
- i t  KFA in 1 ; ‘ - 4 — 6 5 . How - -icr , a new set -i m I t  ials ~.

- - i n t r o - ’
- l i - ed to th l ’  -ln ’ r ’ rr , i :  n u n - - u ‘ ‘ a u b ; 1 . -i r’i a 1 T h’  l U r c h  - . - i n
h e l d  in Sept ’-mf ’er  1 3 -7 . — — t h , . -  HHT (H o c h t . - ’m~ . ‘ r  i~ r i t e a k t ’ .r mi ’  He-
l ium tu rb ine)  projec t w a ;  -i new n ;,i: n i r ’ f o r  a rv ’:~~~r ’ s i m i l a r
the i l l — f a t e d  F L I t — s - .  ~ii ’ h I 1 L ’ht nuc lea r  g a s — n ’ r h i r - me I an . ’ - A
m i n i s t e r i a l  ad vi s o r y  c o m m i t t e e  rn ’ r o m m , - :  I d  s w - n  f o r  l ie  HIl T

r ’ - ’- : ’ ’ l ’ : m e n t  wi th ;  i t - • dry cooling t’ -” - ’ - r , . Th ree i - I  w ’-r .’
ornrnended as fol low; : : (1) des ign  a 3 )h—M’v ” n e t  t , ~~

, .ow. r p l un ~
and conduct a r e s t ’a r c h i  ‘r’ ]n :ct in p a r a l l e l  - i t i cost of 1 4 3  m u —
lion r ”u t s ch o  Mark (DM ) u n t i l  1) 7 4 ;  ( 2 )  oak, a h- ’ t , i i  led 1’ ’ i J I -;
ev a l u a t i o n  of rb;’~’ economi c advantu ’ne s of tb;. system wh ; i ‘ : r  coul 1

- F be b u i l t  at a cost of  DM 115 m i l l i o n ; and ( 3 )  arm ’s.’ a de c i s i o n
for construction to begin in 1978. The i m ; . r t a n . : r ’  of t h i s  ~ ra-
i -“n  in the German nuc l ea r  program a t  t h i - m t  t mn ’ was ref I ’  ‘ ‘t ‘ - - I
h r  the presence at the  gUl ch  m e e t i ng  of t~ ;. M i n i s t e r  of Sci-
ence and Education , Dr. K. von Dohnany i . In his intr ,,, i ;- ’t , r ’,-’
‘cne e’—h , the min i s te r  emi l- m as ized the l-” ’ . h ’r ; l (5 )vernirn ,’nit ~5 i st~ ’fl—

t ; in; to go ahead wi th  the HIlT p ro jec t  un l e s s  st rorri or i en t i in
was expressed at the me ..tinT . As it turned out  no such o n - r e-
e i t i ’ o n  was expressed.

The advanced HIlT system has beeni insn ire’l by tb . -  ~~~~~~

b - n t ially high gas coolant—outlet temperature of t h e  HTR or
(or HTGR), as well as the increasing concern for the qua 1 t

of the environment , particularly the thermal poll ; * ion - m r - ,

of power s ta t ions in Germany . The Germans seem t — : be c o n v in , ’e l
tha t  th i s  t ype  power system can produce e l ec t r i c  powe r more
economically than other power systems if dry cooling tower ’: ;  are
used for heat rejection . This was their m , 1 ( or  i r m c n ’r i t i v e  i n
launching  the HHT project in 1972. Their p r o g r a m  seems t n  favor
l a rge—outpu t  ( l l OO —MW e un i t  capac i ty )  t u r b i n e  q e n e r r i t r ;;,‘t;)

with single—shaft design , installed horizontally i rn ; i hr ’ the
Prestressed Concrete Reactor Vessel (PCRV) below tb ’ n. ’ i ’ t i ’r
‘rare. Contrary to the GA design , they f a vo r  the i i; ;”  of in ; in—
tercooler despite the dry cooling towers. The cl”v”i’’pnn ’n it of
HTR fo r  the generat ion of process heat  was also i n i t i a t”  I in
1971 to complement the HHT project .

When the HIlT proje- ‘t was l a u n n ’ b ; ’  - - I  i i r ; h ’r  the g l i n t —

; b i  i p of F ’  German M i n i  s try of Research , t h ’  - ‘ .i r t n i . ’ i - ;  i n  t h i s
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program included BBC , HRB , NUKEM ~mi ; t I m e  h i - A . At I)rer , ’’r ;t tbi”r”
are seven European partners in the HUT • r o t ’ ’ ’ ~~ , KFA , BBC , ;HH , HRB ,
NUKE M all  in “J . Germany and Su lze r  h r .  ‘ t I e - n  s and E l  ‘ l n n ” n m , ’i-ec i :;ch . - : ;
Institute fur/Reaktorforschung (EIR) in Swit z.’ rl ,m n ’l . The annual
budget for the HHT project is approximately  PM 50 million , rio t
including t ;b;n ’ DM 80 million al l nneu t r ’d f o r  l ‘ i . ’  H i g h — T r ’m p e r . i t u r . ’
Helium Test Facility (HHv). The total budget for fir ’ - l’37r -77
period is approximately DM 110 million .

The HHV Facility (Hoch te’m1,’ratur l ie  i i  am V e r ;u  ‘ -h ; - ; i i i  l u - n ’ )
an important part of the HI -IT project , is located within KFA.
It has been designed and built to test crucial components for
closed—cycle helium gas—turbine power—conversion syste m:;, —

n m n t i c ; i l a r l y  those which would be integrated directly with a
lm i-j Im—t cmnperature gas—cooled reactor. It is the only test fa-
cility which will enable simulation of gas—cooled reactor
thermodynamic conditions in terms of pressures (up to 750 psi.i ),
temperatures (up to 1000°C), and mass flows (up to 200 kg/sec).
It is regarded as the most crucial test facility for obtainini’i
technical information needed before building the full—scale nuclear-
or fossil—powered close b— cycle gas—turbine power plant. The
major experimental proq r amn planned for the HHV , and to begin
in the s p r i n g  of 1977 inc lude : 1) turborn achine , 2 )  gas duct
and insulation , 3) valves m o b  armatures , 4) cool int system , 5)
hel ium p u r i f i c a t i o n  ;-;- ,,‘;, t.’n , and 6) oil system. The c o n st r uc-
t i o n  of the HHV f a c i l i t y  was tn - n u n ;  in April 1973 and is r’xpr,r ’ted

t ’ ’  he completed at  the r e i  I of 1976 .

A schemat ic-  t ) . ’ w ~ diag ram f r  tn. UHV facilit’,’ is show
in Fin . 3. The system lif t in , , is l,” ; i n ined  ta be 10 ,000 hours
i t  850°C maximum t rm ~’.’rature or 600 hours at  1000°C. There
is no externa l heat sourer’ required for op. r,it inq the system
it these tr’mn . ’r ,ut tires; the desired o r- i t - i n i - n t n ’rnrb’ erature is

achieved by the continuous compressor work input which is
i r ’cvi’Jeci by a s y n c h ronous motor of  4b MWe , a n d i t t akes  12 hou r s
to r r ’ , m c : h ;  the n a r m - . l  opera t ing  t empera tu re  n)f 850°C(l562°F)
Under the normal oJnr’ r .l t i ng en n h  it i sir , tb m r’ t u rb ine  in le t  tem-
peratur e is 850°c (lbb2 °F) , and the compressor inlet and outlet
tempera~~ir ’s are 770°c ( 1418°F) a n d  860°C ( 1580°F) , r e s pe c t i v e l y.
The o p e r . m t i n g  pr e s su re  at t , b i e ’  t,’:-;t :;.’c t i n S ;  is 51 bar (750 psia).
Since the two- n ;t  .m ;e tu rb  i ti e and the .‘ ~qh i t — s t a g e  compr essor a re
: ‘ a n ; r ; . ’ - t . ’nI by a sinqle shaft driven by the 3000—rpm m nnt-n r the
net sha f t—powe r ava i l ab l e  for  the compressor work is 90 MWe
( i n c l u d i n g  a 45-MW e motor  and a 4 5— Mw t u r b i n e ) .  The total helium
volume in the f a c i l i t y  is 8000 m 3 at e x i s t i n g  pressure and the
helium m m- ; - , flow rita ’ is 250 kg/sec. Heat re jec t ion  required

• f rom the dry cooling t nn w . ’r  is 180 GJ/n (170 .5 x 106 Btu/h) .
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The most impor t an t  component of t b ; .  HHV f ac i l i t y  is
a turbomachirme with the basic rotor dimensions equival ent to
t h or , -  for  a hel ium t u r b i n e  of 300—MW e power r a t ing . The f a c i l —
it’; ’ w i l l  be used s t a r t ing  in 1977 f o r  study i ng c r i t i ca l  compo-
nents  such as s h a f t  seals and bear ing as we l l  as t h e i r  design
and operational characteristics , including noise , and vibration
among others. The testing of gas piping , including r’ r t t ;d
insulation and noise problems is probably the next nn~~; u. impor-
tant ~n.rogram for the HHV f a c i l i ty . The gas loop is about 80
long and includes three test sections of 1.5 m diameter and
4 .5 m long each one with a fiber insulation and another with
a foil insulation , both equipped with thermocoup les , stress—strain
qa uqes and sonic probes. The third test section is a coaxial
gas duct.

At the time of our visit , construction of the HHV
facility seemed to be at least 75% completed , although in-
stallation of the major loop including the test sections ap..
peared to be finished. However , the turbomachinery was not ‘let
installed , as it had been shipped to England for coating of
turbine blades.

V. Components

The heart  of the system is , of course, the hel ium
turbine. One might wonder why it is that these big machines
are manufactured in Europe only and not in the US. The answer
lies at least in part in the European educational system for
:raft’- ;mn’n . It is not a better system , but a different one.
It is less flexible and would , for this reason , probably not
work in the US. On the other hand , it provides large numbers
of highly skilled craft,;;recn for F.tirop.’ani industry . Th”rr;fore ,
companies like GHH, Suizers , or BRC can afford to i r e hice these

• machines on an individual basis for a very reasonable p ri
Visitin g these companit’s , one can obse rve a man m a c h i n i n ; ’ n ,  al-
most completel y by h im sel f , the ro tor  of t b ;  t u n h i n ; , ’ on a very
unsophisticated lathe. The last thirty years have shown that
th i s  European advantage is not  an impor tan t  one , since the
- : t mn c l a r d  of l i v i n g  of a nation is decided by her ability for
mass product ion . However , with energy having become a major
issue in recent tim’s; , this may change , since no nation has
so far  been capable of producing nuc lea r  reactors on a mass basis.
If r ; t a n . l ar 1 iz a t i o n  cannot  be achieved , tb; ~ ’ Europeans will have
a c l ear - cu t  advantage .

In the case of large gas—turbines , however , the story
wi l l  be d i f f e r e n t .  The d i f f e rence in designs a l ready  makes
competition very close, I f  t h e  future f u ” l  or nuclear situation
should favor deployment of large gas turbines , they will very
l ikely be s i bH c t  to mass product ion , especially if  t b ’  mar ine
market should develop.
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‘ne ‘ r i t a -  d in ten ‘ - i n
_

I -  in ‘ I ’ n m ’ i n i  ; ‘ - t o- ’ t rio - 9 ; e n n h ; , m n i ; , . - -

t u n  1 ; ne (built b’-•’ GHH) ~~ those bui ~~ by HBC is tIm e m ’ - t l n o ’ l
h’. which t i ;  i n i , b i \ ’ i I i , m l  t ir h ,, n ’ - wheel;- , m n ’ ’ atta -h,’’i to .cdn-h O t h e r

in ’ I to thin’ ‘ ;h , i f  t .  (hub) . The GHH d . ’s iqn irsec s b ; ’  - Hi r t b ;— ’~. n , m  n
w h i le  Bib - - uses an all—we- ’ I ‘led n i e ~ i go of a F ro l ‘n e: t a ry nat ; r

The ~.t h e r  ma jo r  c o mh ’o n ;n : n t  is the - n - i s  i ; ’ :, .t ’’r  , w it  L -  : 1 ;

is , of cour t -e r’ , only i n t e r e s t i n g  t’ar fo ssi I — ;  ue l ’ :d s -me t ’ s ‘ t b ; ’  -
n . e  he - m t - ’r  used in ~t ’, ’rhausen is a s imula to r f or  a n r c ]  ‘a r m n —

act ‘r in ’, not real ly  r e n n m n ’n e n t a t i ~ e of hn :-i t ‘r s  r e q u i r n ’ n I  f o r
fossil syst mc . However , some of th e- challenges encount n-mn - d
luring the cui .s t ruct ion of the Oberhausen h e a t e r  are also v a l i d
for these other types: One is materials . Some of the a’r ;tenic
st -i ; ; were sot  ava i l ab l e  in th~ re ~‘ ;i r e d  shapes , therefore some
heater pipes had to be rolled and welded. While efforts were
m i l e  to do most of the required welding at the factory , 3000
welds still had to be made in the field. Only 10% of these were
inspectr~- I , a practice which though successful in this non—nuclear
a m lication could not be tolerated in a nuclear installation.

The heater  tubes which  have approximate ly 50—mm—O P
anrb 3—mm wall  th ickness  are designed to o l - . ’r a t - a t  a maximum
metal teniii e:ratUre of 800°C ( 14 7 2 °F )  so ach iev ing  a h e l i u m  out-
l’:t tempera ture  of 750°C (1382°F). The EVO he l i um heater  has
a t - t a l  heat—transfer surface area of approximately 60db m 2
(64,560 ft2) and was designed for a lifetime of 100,000 hours.

;- ome other details are as follows: all tubing for the helium
h.;at.’r had to be hung to allow for thermal expansion ; tub e ’ -; were

i l l  welded manually through the studs ; the Incoloy 807 headers ,
far the Oberhausen Helium heater have 50 cm (19.7 in.) 00, 3.4 cm
(1.34 in.) thickness and 9 m (29.5 ft) long which were welded
to a larger header manifold——this , the most difficult manufac-
turing process , was accomplished by a Scottish manufacturer and
t I ;e  weight of tubing alone for the Oberhausen helium heater is
approximately 100 tons. The critica l problems of the helium
heater include the selection of materials , homogeneous tempera-
ture design , high—temperature header fabrication , and tO” thermal
expansion of the tubes and headers. Incoloy 807 has been iden-
tified as the best candidate material for the helium h e a t - n ;
Nimonic 263 also seems to have satisfactory properties but is
v’;r’/ difficult for tube extrusion .

VI. Conclusions

The new closed—cycle gas turbine technology has been
slowly developed over the last 20 years. Even so, as shown
in Table I, it is certainly amazing how much has already been
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For t : ; , ~ i;5n11, H i n ,  t ’ i t ’ i ; e  (n,-xt , 15 5 , i 7 ’’ . m t  ; )  , a det ’i—
s i n  w i l l  p n ’ n I ’ m b n b ’ , ’ 0. ’ m a d  p o ’ - n i r  l i n g  t O . - V t i r r n n , , - m n  f u t u r e  of t Im . ’

- 
• From talkin ;n n with w e l l — m t ~rrn . - I l ’ ’ ’o p l ’ - , onie is led t i

he i i eve • 0 m - ‘ m a r t  ni t ’  man k i t  will oi’i ’nm ;r in mb, ’ n i t  eight -/n - . m rs
- ‘ ‘ ,~‘;  t ’ , . t m ; l ; ~;~ th .  }nr”st’nt lull lu.’ t - ‘  n ’ v n ’ m i n i }  , m ;;t ,’ in 5hi~~n s ’

i n  . This s - m n ,  - in -i b n . n ; i t  four ‘~‘ea r ; ; , Eii raj ’ - - m n; design i n t l
salt ’s i - b  i’,’iti e s will accel,’r ,m n, - in this f i e ’ I I , at lea;-:t for

- , -~;—-çy, ’1~ m a t  i n ’  ‘ ; ; m , ; — t u r h i  no .

The f u t n i r ’ -  of t e  c e n t r a l  I : 0 W : r  ;t~~ t ; ‘ ‘ I ;  C( ’(~’,T—— n ; i ’ n 1 - - i r
or ‘- -‘n ’” ’ n ; t ;  ‘ n - m i — — w i l l  also be dc- i - b - b  i n  ‘ 0 ’ -  not—t ’;’’— I s ’  i n ’

o r,; - -r b ; i n  0 , however , longer  t h in ; e i g h t  ‘y’e l rs) . I f  - n - i - ; —

cooled r’’, l’ t~~t’ d’, v e ’ I ’ n n ’ m r ’ n t  .m r ;  I - lemoiistra t’ ; ’ nm c o n t i n u e - , t i ; - ‘torn—
merci -il ‘ l , n - n ’ i—;:’,’-’Ie - n i t—turbine may be v n - r - , ’ m a - - b ;  in - I . - m,in ; i .
This hope me b - o n ’” - l by tOn ; eme rg ing  ne il f ar  hiy ii— tr ’m i-n-rat ire

‘
- - ‘ t n ’  , m t ann -i by tb; . be l i e f  tha t  t ; ‘ - ‘j . a - ’ . — e e n o l e d  rem -t ar  may

:‘‘n .tr il ’ut ’’ t i  - - n e r m- ’lling pro lifn; ’r .iti ’’ ; t I;mc ’ ;-nbi operation wit b ;in

t O ’ ’  t b - s  i- rn fuel cycle which does oct produce p I ; t  ‘s i  in ’; .

t)e~ :’jte tire f i c t th ;at tIre majority of t hi ’ - CCGT5 b u i l t
so fa r  ire fo r  ‘on; ’1” ’n ; t r en a l a p p l i c a t i o n;  ( f o s s t l — f ’ i , ’ l ’ ’ l )  , it
is h a m — i  t , r , - - l ;  - - t w l ; n - t b n ’ - m  t h ; i s  ty~”’ will ever play a major
r a i l .  The ; ;r .  of - ‘ , ‘ s t - r , i l — s r a t j o n  t ower’ n ien ne n n i :, on t b ’ - - mis 1—
m O u l t ’ , ’ n _ n i - n n n r i — -m ’; . m i l a b i l i ty  of ‘o ’r t ;j i n  f - i n - i - -’ at - ‘ - n t , m i n i  I’m i n n ’ : -; ,

which is c r ’ ,’ s i n  b t n  
~~~~ 

t . ‘it- h e r  future probl’;mt-; are whether
or not syn t b. . - ‘  ic fuel- will h.—come available .in i what unforse’.’ni
environment ,; I r,’ - nui a tii n n is wi 11 imp r ’d ’’ t h e -  di n e t  combustion of
coal.
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Fig. 2
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